We provide information on the onset of incubation, the involvement of males and females in incubation, and on the hatching pattern in the Rufous Vanga Schetba rufa of Madagascar. Rufous Vangas breed cooperatively with one to four one-year-old and/or adult auxiliary males. Large amounts of time were spent in incubation from the date the first-egg was laid. Breeding male Rufous Vangas took a much greater share of incubation during the laying period than did females, but males and females took almost equal shares during the incubation period. Females spent more time brooding their chicks than did males, however, males contributed more in terms of provisioning young chicks than did females. While the hatching pattern varied from perfectly asynchronous to perfectly synchronous, the fledging pattern was generally synchronous with all chicks in a given brood fledging on the same day. The nest failure hypothesis cannot explain the adaptive significance of early commencement of incubation in this species, because the incubation pattern was not a reliable predictor of the hatching pattern. As the daily
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Introduction
Among birds, embryonic development begins when eggs are warmed above a threshachieve this requires considerable time spent. Most birds lay one egg daily. If parent birds start incubation before clutch completion, variation in embryo development may occur within a clutch and, then, eggs may hatch asynchronously over a spread of a several days.
On the other hand, if parents start incubation after clutch completion, hatching may be synchronous. Parents can, therefore, manipulate the onset of embryo development and to a certain extent control hatching intervals, by controlling the onset of incubation adaptively to increase their fitness. Asynchronous hatching is seen among various avian taxa (e.g., raptors, herons and many passerines) as often as synchronous hatching (Clark & Wilson 1981 , Slagsvold 1986 , Stoleson & Beissinger 1995 .
Hitherto, many hypotheses have been proposed to explain the selective significance of hatching pattern. Stoleson & Beissinger (1995) , for example, reviewed 17 different relevant hypotheses. While hypotheses abound to explain such patterns, empirical data on hatching patterns are scarce, in particular, data on the onset of incubation and the contribution to incubation by both sexes are few (Stoleson & Beissinger 1995) . Here, we provide data on the relative contributions of males and females to the incubation of clutches from the date of first egg laying to hatching in the Rufous Vanga Schetba rufa in Madagascar.
The Rufous Vanga is endemic to Madagascar (Langrand 1990) . Recently, its breeding biology has been clarified by Yamagishi et al. (1995) , Eguchi et al. (2001) , and Eguchi et al. (2002) , who have confirmed that it is a cooperative breeder. Although the Rufous Vanga breeds monogamously, some monogamous pairs are accompanied by one or more one-year-old males or adult males, or both. Some of these auxiliary males help breeding pairs mainly by participating in anti-predator defence, in territorial defence, or in provisioning chicks . Although one-year-old males are sexually immature, males of two years or older are mature . In most breeding groups, auxiliary males are the sons of the breeding pair, however, as adult females often change territories, auxiliary males are often unrelated to the breeding females they are assisting . In groups with auxiliary males, paired males are dominant over auxiliary males, but adult auxiliary males often follow breeding females and, sometimes, copulate with them (pers. obs.). Because females are fertile during the laying stage, dominant paired males should guard their mates from other males, by continuously following their mates, or otherwise risk their infidelity (Birkhead & Miller 1992) . The presence of sexually mature auxiliary males in a breeding group may affect the pattern of incubation behaviour of breeding males, such as the onset of, or participation in, incubation.
In this paper, we provide information on patterns of onset of incubation, hatching and fledging, and on shared incubation between male and female Rufous Vangas.
Particularly, we show that dominant males spent a large amount of their time incubating during the egg-laying period despite the associated greater risk of cuckoldry by auxiliary adult males. We also discuss the significance of early incubation by males.
Methods
The study was conducted in a deciduous dry forest, with many 2-5m wide trails, at about 110km southeast of Mahajanga. The study area has previously been described in detail by Eguchi et al. (2002) . The climate in the area is tropical with a six month dry season from May to October followed by a six month wet season from November to April.
Data used in this paper were collected in the course of a study on social structure and cooperative breeding of the Rufous Vanga.
The study was conducted from 1994 to 1997, from October to December in 1994, and in other years, from August or September to January. In advance of observation, birds were caught in mist nets, measured, and ringed with unique combinations of coloured plastic and numbered aluminium rings. Numbers of banded birds are as follows; 34 (83% of the studied population), 78 (74%), 88 (85%) and 123 (90%) for 1994, 1995, 1996 and 1997, respectively . Because adult Rufous Vangas have sexually dimorphic plumage and one-year-old males of female-like plumage have a spotted-throat , they were easily discriminated in the field.
On-year-old females have buff tips on the greater wing coverts, which enabled us to discriminate them from older females in the hand.
Nest building starts in late September, and egg-laying in early October, and, if nest failure occurs, a replacement nest is built within a week of the failure (Eguchi et al. 2001) .
Nests are bowl-shaped and located on the first fork of trees about 4m above the ground. By following individuals or groups, nests were easily found, and their location was then plotted on a map. Egg laying is confined to the three months from October to December. This species is single-brooded, and usually lays four eggs (Eguchi et al. 2001 ).
Once nest building had begun, each nest was checked every 5-7 days using a small mirror attached to a pole. During the egg laying period and around the expected date of hatching, nests were checked every day in order to confirm clutch size and brood size.
Nests were also checked around the expected date of fledging, and fledglings were searched for. During the four year study period we found 202 nests. Eggs hatched in 87 of these nests, and offspring fledged from 46 of them, however, because we were not always able to collect a full set of data from each nest from laying to fledging, sample sizes differ among analyses. The number of hatchlings was confirmed at 72 nests, the hatching order of individual eggs was confirmed at 24 nests, and fledging dates were obtained from 16 nests.
Nest attendance, nest visiting frequency, and provisioning rate data were collected as follows.
We conducted observations at nests for four hours from 06: 00 to 10: 00, in order to identify the individuals visiting, the food items brought, and to measure the amount of time spent in the nests. The activities of most pairs that were not supported by auxiliary birds, were recorded for three hours from 06: 00 to 09: 00, using automatic video cameras. Nest watches were primarily conducted in order to collect data on provisioning rates during our study of the helping behaviour of auxiliary birds, consequently few data was collected before hatching. Nests were selected at random for observation.
Observations were restricted to the early mornings, because provisioning activity was high then. Ambient temperatures were highest in the afternoons in the study area, and high temperatures were thought likely to restrain the activity of the birds. It was considered likely, therefore, that bird activity around nests would be highest during the mornings.
In total, we used data from nest watches conducted at 21 nests during the building stage, 31 nests during the laying stage, 51 nests during the incubation stage, and 61 nests during the nestling stage.
Data on the agonistic interactions between breeding males and auxiliary males were mainly collected during nest watches. Most data were based on events around. Because attacks by breeding males on auxiliary birds seldom occurred far from their nests (pers. Patterns of the Rufous Vanga 19
obs.), we believe that we were able to record most agonistic interactions during nest watches. Additionally, the members of several pairs with auxiliary adult birds were tracked during the nest building and egg laying periods, and interactions between group members were recorded. During the nest building period eight groups were observed for an average of 900 minutes (240-2645min); during the laying period 14 groups were observed for an average of 461 minutes (119-918min); during incubation 18 groups were observed for 638 minutes (240-1453min), and during the nestling period 24 groups were observed for 790 minutes (221-1443min). Some groups with adult auxiliary males included one-year old auxiliary males.
Results

Incubation
Incubation started just after the first egg was laid ( Fig. 1) . In total, parent vangas sat in their nests for over 60% of each observation period on the day on which first eggs were laid (day one), and incubation time reached nearly 80% of observation periods on day two ( Fig. 1 ). The overall trends were similar in groups of different categories in spite of large fluctuations of incubation time in unaided pairs and pairs with only one-year auxiliary due to small sample sizes.
Males made greater contributions to incubation than females during the laying period ( Fig. 2 ). On day one, most incubation was by males, and thereafter, the incubation time of males remained at a same level, 40-50% of observation times. In contrast, females contributed little to incubation at the start of the egg laying period (less than 20% of observation times), but, thereafter their time investment increased at about 40% of observation times. Trends were similar for females belonging to pairs of different categories, although values for females of pairs without adult auxiliary males during the laying stage fluctuated greatly due to small sample sizes (Fig. 2) . Once clutches were complete, both sexes contributed equally to incubation. Auxiliary birds also visited nests, but remained only briefly (Fig. 2) .
While dominant males were sitting on their nests, females were often observed being accompanied by, and being given food by, adult auxiliary males. Dominant males chased adult auxiliary males away from their females when they encountered them. Dominant males frequently attacked adult auxiliary males during the nest building and egg-laying periods (Fig. 3) , however, dominant males did not guard their mates by continuous following. 
Hatching
Hatching success was low; many clutches included one or two unhatched eggs (Table   1) . We confirmed the daily hatching pattern for 24 clutches (Table 2) . Hatching occurred over periods of one, two or more days. On the first day of hatching, only one egg hatched in ten clutches, two eggs in nine clutches, three eggs in four clutches cases, and all four eggs in only one clutch. Of ten nests, in which the entire clutch hatched, one egg hatched on the first day in five nests and two or more eggs hatched on the first day in five nests (Table 2) . Typical asynchronous hatching (in which one egg hatched each day) occurred in only five nests, while typical synchronous hatching (in which all eggs hatched in a single day) occurred in six nests. In many nests, however, the hatching pattern was of an intermediate type, with one egg hatching on one day and two or more eggs hatching on another day. Thus, the hatching pattern was variable.
The mean interval from clutch completion to the date of first egg hatching was 16.2 days (range=14-19 days; n=62), mostly 16 days. The hatching pattern was not related to the interval from clutch completion to first egg hatching ( Even after Day 8, by when chicks had down and were able to self-thermoregulate, parents often remained standing on the edge of their nest, shading their chicks from direct solar radiation.
Females spent more time attending their nests throughout the nestling stage, than males; significantly different between sexes in unaided pairs and in pairs with one-year-old males for broods of Day 8 or older (see Fig. 4 ). Eguchi and Satoshi Yamagishi Figure 5 shows the nest visiting rate and provision rate to chicks of Day 7 or younger.
Among pairs unaided by auxiliary males, males visited their chicks (Days 1-7) significantly more times than did females (P=0.013, Wilcoxon signed-rank test). Among pairs with adult auxiliary males, males also visited their nests more frequently than females did, although the difference between the sexes was not significant (P=0.099, Wilcoxon signed-rank test). Males contributed more to provisioning their young chicks than did females, in both unaided pairs and in pairs with adult auxiliary males.
Fledging Patterns
The fledging pattern of the Rufous Vanga was confirmed in 16 nests ( days; n=37). When fledging, single broods included chicks at different developmental stages and, therefore, of different flying ability. Thus, although incubation was normally begun just after the first egg was laid, the hatching spread (even when asynchronous) was rather narrow, and fledging occurred synchronously.
Discussion
Onset of Incubation and Hatching Pattern
In the Rufous Vanga, the characteristics of incubation and hatching patterns were: 1) incubation commonly began with the first egg, 2) males shared in a greater part of Fig. 4 for plots). which is adapted in various models explaining hatching patterns (e.g. Clark & Wilson 1981 , Magrath 1990 , Stoleson & Beissinger 1995 . (Stoleson & Beissinger 1995) . We, therefore, suspect that initiation of embryonic development occurs independently of incubation in this species, however, because ambient temperatures may have differed among nests, embryonic development may not have started from the first egg in all clutches. Hatching patterns may vary among nests as a result of small differences in local ambient temperatures, and/or differences in the onset of incubation.
We had only a few pairs in which data on both onset of incubation and hatching pattern were obtained.
Adaptive
Significance of Early Incubation Magrath (1990) and Stoleson & Beissinger (1995) reviewed various hypotheses relating to the adaptive significance of early incubation. Among the hypotheses they considered, about two thirds were irrelevant to this study, because they concerned species in which: only females incubate, females initiate incubation, food supply declines sharply during the breeding season, brood reduction or sibling rivalry prevails, or nests are at great risk of brood parasitism. We consider three hypotheses here: 1) Nest failure hypothesis, 2) Egg viability hypothesis, and 3) Egg protection hypothesis.
The nest failure hypothesis deals with the duration that eggs or nestlings remain in a nest. Early incubation causes asynchronous hatching and fledging, while onset of incubation after clutch completion causes synchronous hatching and fledging. Species exhibiting asynchronous hatching will have shorter periods when the nest contains only eggs (compared with synchronous hatching) and the amount of time from first egg laying to the first chick fledging will also be shorter, but the total time that a nest contains nestlings will be greater (Stoleson & Beissinger 1995) . Hence, Clark & Wilson (1981) suggested that greater predation during the nestling period favours synchronous hatching and that greater predation during the egg period favours asynchronous hatching. Murray (1994) demonstrated, using a mathematical model, that the probability that at least one chick will fledge is higher in asynchronously hatching broods, but the expected number of fledglings from a successful brood is smaller than in synchronously hatching broods. In the Rufous Vanga the hatching pattern was variable and fledging was rather synchronous, thus it is unlikely that parents began incubating early so as to reduce the time vulnerable to predation. Therefore, the nest failure hypothesis is not relevant to this species. Stoleson & Beissinger (1999) have reported that egg hatchability declines when eggs are left unincubated. If hatchability tends to be reduced in the unincubated first egg, then parents should initiate incubation when the first egg is laid. The egg viability hypothesis suggests that early incubation reduces the decline of egg hatchability. Eggs must be kept within a relatively narrow temperature range after initiation of embryonic development; high temperatures are generally more likely to prove fatal than low temperatures (Stoleson & Beissinger 1995) . In the House Sparrow Passer domesticus, the degree of hatching asynchrony increased in the latter half of the breeding season when ambient temperatures often exceeded physiological zero (Veiga 1992) . In our Madagascan study area, maxisometimes penetrates to nests during the daytime, while at night temperatures fall to about Morton & Pereyra (1985) suggest that nest attendance will be longer in the mid-afternoon than at night in an environment where solar radiation is strong. High ambient temperature may initiate development of embryos even in the absence of incubation. Once embryonic development starts, parents must maintain egg temperature. In the Rufous Vanga, more than half of the clutches investigated included one or more unhatched eggs. The causes of hatching failure were unknown. However, if hatching failure derives from the death of embryos during the laying stage, it is advantageous for parents to start incubation from the date on which the first egg is laid. Parent Rufous Vangas, therefore, may begin incubation early in order to regulate egg temperature in an area experiencing high ambient temperatures and strong solar radiation. Further data on the causes of hatching failure and the relationship between laying order and hatchability would be helpful. Koenig (1982) found that hatchability of eggs is lower in the tropics than in the temperate region. Koenig did not suggest a cause for this relationship, but Stoleson & Beissinger (1999) attributed it to high ambient temperature in the tropics. Stoleson & Beissinger (1999) , by an experiment investigating hatchability of unincubated eggs and by interspecific comparison, demonstrated that the viability of unincubated eggs exposed to ambient temperatures was reduced, and that such a loss of viability was distinct in hot climates. They suggested that the initiation of embryonic development in unincubated eggs and exposure under inadequate temperature caused reduced viability. Vinuela & Carrascal (1999) , by a comparative study of hatching patterns, found that birds in the tropics start incubation earlier than those in temperate regions. They suggested that earlier onset of incubation in the tropics is to prevent reduced egg viability resulting from high ambient temperatures. Our findings for early onset of incubation and low hatchability support Vinuela & Carrascal's (1999) conclusions. Parent birds may begin incubation early in order to protect their eggs from interference and predation (Egg protection hypothesis). Rufous Vangas sat on their nests and incubated from the date on which the first egg was laid. Furthermore, attending parents chased almost all animals coming close to the nest. However, because protection of eggs is possible without incubation (Magrath 1990 ), if they stay at nests primarily for protection of eggs they need not sit on eggs. Egg protection, therefore, may be a derivative function from nest attendance for incubation. Patterns of the Rufous Vanga 27
Initiation by Males
Male Rufous Vangas may take the initiative for starting incubation.
During the egg-laying period, males spent much more time incubating than did females, although females increased the amount of time they spent incubating as laying progressed. In contrast to the Rufous Vanga, in many other species females both start incubation and invest more time in it (Haneda 1986 , Stoleson & Beissinger 1995 . Most models of asynchronous hatching, therefore, assume that females take the major role in incubation (Clark & Wilson 1981 , Slagsvold & Lifjeld 1989 , Magrath 1990 , Stoleson & Beissinger 1995 . Slagsvold & Lifjeld (1989) suggested that there may be a sexual conflict over parental investment. According to them, in a species in which females take a greater part in incubation and brooding, females start incubation early in order that their eggs will hatch asynchronously and reduce the female's share in provisioning chicks during the first few days of the nestling stage. Slagsvold & Lifjeld (1989) found that females rearing asynchronous broods were heavier than those rearing synchronous broods at the end of the nestling stage. Is there a reversed sexual situation in the Rufous Vanga? As mentioned earlier, early incubation is not a reliable predictor for hatching patterns in this species. Moreover, males contributed more to provisioning their young nestlings than did females, although the difference was only significant among unaided pairs. Therefore, it is unlikely that breeding males manipulated the onset of incubation in order to derive benefits from the consequences of subsequent hatching patterns.
If ambient temperatures exceed physiological zero, parents should sit on their nest from the day when the first egg is laid so as to regulate egg temperature. Females, however, must spend considerable time foraging in order to produce further eggs. Males ought, therefore, to choose to stay at the nest, or follow their females in order to prevent extra pair copulation by auxiliary males (Birkhead & Moller 1992 , Davies 1992 . Because many nests included one or more unhatched eggs, the risk that embryos die in the course of laying and/or incubation may be high in this species. We observed copulation between auxiliary males and breeding females several times (pers. obs. ), however, because the auxiliary males are usually the offspring of the breeding males , whereas they are usually unrelated to the breeding female, breeding males gain indirect benefits even when auxiliary males copulate with their stepmothers. Thus, breeding males should spend more time in incubation to increase hatchability than in defence of their mates.
